Bubble dispersion and mixing behaviour in a bath with gas injection through a slot nozzle was studied by a cold model. A high speed video recording system was used to measure the bubble diameter and the size of plume cross sectional area. The mixing time was measured by using an electrical conductivity method. Measurements were conducted under various gas flow rates and bath depths. Comparison of mixing time was examined between a slot nozzle and a single circular nozzle. The results were discussed in terms of specific power of injected gas.
Introduction
Injection of gas into liquid and behavior of the resulting gas bubbles are subjects of considerable interest, in the fields of both chemical and metallurgical engineering. 1, 2) Bubbly plumes produced by injecting gas into liquid are common to a number of industrial processes: bubble columns in chemical engineering and bottom-stirred metallurgical processes. Recently, great efforts have been made to understand various metal refining processes involving plumes, such as ladle stirring and bottom stirring processes of oxygen-blowing converters and electric arc furnaces. The author 3, 4) examined bubble formation from nonwetted and wetted slot shaped nozzles and measured the size of bubbles formed and the number of bubble growth sites in water and mercury. It was found that bubbles form at a series of sources distributed along the slot length and the number of bubble sources from nonwetted slot nozzles was less than that observed for gas injection through wetted slot nozzles. The bubble size was explained by Davidson and Schuler model. 5) In the experiments to be reported here, the bubble dispersion behavior and the bath mixing intensity are investigated by injecting gas through the slot nozzle into water. Measurements were conducted under various gas flow rates and bath depths. The results of mixing time measurements are discussed in terms of specific power of injected gas. Effects of the experimental variables on the mixing time were quantitatively described by an empirical correlation. Figure 1 shows a schematic illustration of the experimental apparatus. A vessel made of transparent acrylic resin was containing distilled water. The size of the rectangular vessel was 400ϫ400 mm 2 and 500 mm in height. A slot nozzle was installed at the vessel bottom. A slot nozzle made of teflon was used for the measurement of bubble size, while slot nozzles made of teflon and stainless steel were used for the measurement of plume size. The slot width and length were 0.05 mm and 200 mm, respectively. Injected gas was nitrogen, and the gas flow rate was adjusted by a mass flow controller in the range from 7ϫ10 Ϫ5 to 5ϫ10 Ϫ3 m 3 /s. In order to measure the bubble size, bubbles formed at the slot nozzle were recorded by a high speed video camera (240 frame/s) connected with a tape racorder. A still frame camera was also used. For determination of the bubble size, the bubbles were considered as ellipsoidal with major and minor axes 3, 4) 
Experimental

Measurements of Bubble and Plume Sizes
Mixing Time Measurement
The experimental apparatus is shown schematically in Fig. 2 . A cylindrical vessel made of acrylic resin was used. The inner diameter of the vessel, D, and the height were 0.48 and 0.70 m, respectively. The slot nozzle made of teflon and stainless steel were set at the bottom of the vessel. The slot width and length were 0.05 mm and 200 mm, respectively. Injected gas was nitrogen, and the gas flow rate was adjusted by a mass flow controller in the range from 7ϫ10 Ϫ5 to 5ϫ10 Ϫ3 m 3 /s. Mixing time was measured by means of the electrical conductivity method. 6, 7) The conductivity probe was fixed in the vessel wall at a height 60 mm from the bottom. The mixing time was also measured by the probe located at a height 120 mm from the bottom. It was found that no effect of the probe place on the mixing time was obtained. The probe consisted of a glass tube and two parallel platinum plates. The distance between them was about 10 mm. An output signal of the electrical conductivity meter was recorded by a PC combined with an A/D converter and an amplifier. The response time of the measuring system was evaluated to be not more than 2 sec. To compensate an increase in the output signal after each tracer addition, a reference voltage unit was set in the electrical circuit.
Before starting measurements, nitrogen was injected into the bath for 3-5 min to ensure a steady flow in the vessel. The mixing time is defined as the time interval required to achieve homogenization in the bath, after introducing a tracer. A 5 % deviation from the uniform concentration was accepted in determining the mixing time. Under the same experimental conditions, 6 experiments were performed. The 2 N KCl solution was used as the tracer. To minimize scattering in mixing time owing to tracer addition and wave motion at the bath surface, the tracer was added to the water bath through a funnel. This was submerged in the bath by a depth of 10 mm at a position most distant from the electrical conductivity probe. An amount of the tracer was predetermined with regard to variations in the bath depth. By this means, the tracer concentration increment was kept approximately constant in each experiment. Figure 3 indicates changes in the bubble size distribution with the vertical distance from the nozzle top at given gas flow rates. The size distribution of injected bubbles at the nozzle top (zϭ0 mm) is also shown in Fig. 3 . Two different relations can be seen in the figure. When the gas flow rate was 3.33ϫ10 Ϫ5 m 3 /s, the bubble size distribution was not changed with the vertical distance. When Q was 1.67ϫ 10 Ϫ4 m 3 /s, the fraction of large bubbles increased with increasing the vertical distance from the slot nozzle. The bubbles detached at the nozzle coalesced immediately and became large. At zϭ300 mm, the fraction of small bubbles became large due to the break up of rising bubbles. At Qϭ8.33ϫ10 Ϫ4 m 3 /s, the colescence between bubbles occurred frequently and the fraction of large bubbles increased with increasing the vertical distance up to 180 mm. And then, the break up of rizing bubbles took place at zϭ 300 mm, but the fraction of small bubbles did not increase considerably. As increasing the gas flow rate, the coales- cence of bubbles became vigorous and the break up also occurred near the bath surface. The average sizes of bubbles are shown in Fig. 4 . It was found that the average bubble size increased with increasing gas flow rate.
Experimental Results and Discussion
Bubble Size Distribution and Average Bubble Size
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Size of Plume Zone
When gas was injected into liquid, a gas dispersion (plume) zone was formed in the liquid phase. Figure 5 shows the relation between plume size and gas flow rate at a vertical distance of 300 mm from the slot nozzle. The plume size is expressed in terms of D f and D s , the difinition of which is shown in the figure. D s increased with increasing gas flow rate, while D f deceased. Both D f and D s for the wetted nozzle were larger than those for the nonwetted nozzle. Hence, the plume size for the wetted slot nozzle is larger than that for the nonwetted slot nozzle. Figure 6 shows the relation between the plume cross sectional area and distance from the nozzle top at various gas flow rates. The plume cross sectional area increased with increasing the distance from the nozzle top and the gas flow rate. The comparison of the plume cross sectional area between the slot nozzles and a single circular nozzle was also shown in Fig. 6 . It was found that the plume cross sectional area of the slot nozzle was larger than that of a single circular nozzle.
Mixing Time
Change in Electrical Conductivity with Time
All experimental results of homogenization of added tracer can be divided into two types as it is indicated in Fig.  7 . The output signal of the type (a) has one concentration maximum before reaching a steady value. The curve of the type (b) is monotonically increased to a steady state value without taking into account the small-scale signal fluctuations. The transition in signal type from (b) to (a) took place as the gas flow rate was increased.
Effect of Bath Depth
It is well known that injected gas into a liquid bath produces liquid circulation in the vertical direction. The liquid circulating flow enhances the mixing. Figure 8 shows the influence of bath depth on the mixing time. It was found that the tendency of decrease in t m is observed with increasing the bath depth. The deeper is the bath, the higher is the circulating flow rate. This is considered to be one of the reason why in the case of gas injection the mixing time decreases with increasing bath depth. where Q is the gas flow rate, R is the universal gas constant, T is the temperature of injected gas, V m is the molar volume of gas, M is the mass of liquid, P 1 is the pressure of injected gas, P 0 is the atmospheric pressure, r g is the density of gas and u is the gas velocity at the nozzle top.
The coefficient a describes the contribution of gas jet to the liquid bath mixing. It is known that the coefficient varies with the experimental conditions. For example, a was found to range from 0 to 1 depending on the bath in the case of bottom injection. In the present study, a is assumed to be equal to 0.15. 9) Figure 9 shows a typical example of a relation between the mixing time and the specific power of injected gas. The mixing time decreased with increasing specific power of injected gas. Figure 10 shows comparison of mixing time between a slot nozzle and a single circular nozzle. As shown in Fig. 10 , the mixing time for the slot nozzle was smaller than that for the single circular nozzle. This is due to the fact that the plume area of the slot nozzle was larger than that of a single circular nozzle.
Effect of Plume Zone Area
One of the authors derived a relation between mixing time and experimental variables in a previous study. 10) The relation is presented by the following equation.
........................ (6) where H is the bath depth, D is the vessel diameter and d p is the diameter of the plume zone. For the calculation, d p at zϭH was used. The results calculated from Eq. (6) were compared with the present experimental data in Fig. 11 . One could not obtain the good agreement between the experimental results and Eq. (6) . It was found that the effects of the experimental variables on the mixing time were explained by the following equation. This equation was derived from the experimental results of the nonwetted and wetted (teflon and stainless steel) slot nozzles. Although the plume area was great different between teflon and stainless steel nozzles, the experimental results were reasonably explained by Eq. (7) . Hence Eq. (7) was considered as applicable to other slot nozzles.
Conclusions
Cold model experiments were carried out to investigate the bubble behaviour and to measure the mixing time by injecting gas through the submerged slot nozzle. The experimental results are summarized as follows. 1) At lower gas flow rates, the bubble size distribution is not changed with the vertical distance. At higher gas flow rates, the bubbles detached at the nozzle coalesced immediately and became large. 2) The plume cross sectional area increased with increasing gas flow rate. The cross sectional area of slot nozzle was larger than that of single circular nozzle. 3) The mixing time decreased with increasing specific power of injected gas. 4) The mixing time for the slot nozzle was smaller than that for a single circular nozzle. 5) The experimental data were explained by the following eqation.
6) The slot nozzle can enhance the mixing of liquid bath. : spesific power of injected gas (W · kg Ϫ1 ) e b : specific buoyancy power (W · kg Ϫ1 ) e j : specifc kinetic power (W · kg Ϫ1 ) r g : gas density (kg · m Ϫ3 )
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